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Abstract. Oxygen uptake characteristics of the roots of 
three Rumex species were compared, and related to 
kinetics of the respiratory system and to root anatomy. 
The observed differences could not be explained by 
differences in fundamental characteristics of the oxygen 
uptake system: with all three species, cytochrome- 
mediated respiration contributed 70% and cyanide- 
insensitive (alternative) respiration 30% of the total 
respiration rate, and apparent Km values of cytochrome 
oxidase were lower than those obtained for the alterna­
tive oxidase in all cases. However, differences in critical 
oxygen pressure for respiration (COPR) and in apparent 
Km for oxygen, were strongly correlated with differences 
in root porosity and root diameter. Km(0 2) values at 
high and low temperatures were determined, and from 
Arrhenius plots of oxygen uptake rates between 11 and 
32°C, the role of diffusional impedance could be esti­
mated. Root respiration of Rumex maritimus and R. 
crispus, both with high root porosity, but differing in 
root diameter, had a low Km for oxygen (3-7 mmol m-3). 
In contrast with this were the responses of R. thyrsiflo- 
rus, which has thin roots but low root porosity: a high Km 
(10-20 mmol m-3) was found at all temperatures. The 
role of diffusional impedance as a function of 
temperature in oxygen uptake rate by the three species is 
discussed and related to the differential resistance of the 
species towards flooding.
Key-words: Rumex; critical oxygen pressure; Km( 0 2); root respiration; 
root porosity; cytochrome-coupled respiration; Arrhenius plot.
Abbreviations: SHAM , salicyl hydroxamic acid; MES, 2-N-morphoIino 
ethane sulphonic acid; COPR , critical oxygen pressure for respiration.
Introduction
This paper is concerned with the potential for root 
aeration by means of radial diffusion from freshly 
waterlogged soils which may still contain some dissolved 
oxygen. Under these conditions, an efficient oxygen 
uptake can be decisive for growth and survival of roots.
The oxygen gradient from the outer to the inner root 
cells depends mainly on root diameter, root porosity and 
respiratory activity of the root cells (Armstrong, 1979;
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Van Noordwijk & De Willigen, 1984; Armstrong & 
Beckett, 1985). Thin roots are advantageous under 
hypoxia, since the effect of an oxygen gradient from the 
outer to the inner root zone is minimized in them, and 
anoxia in the stele is postponed to the lowest possible 
external oxygen concentrations (Bowling, 1973; De 
Boer & Prins, 1984; De Willigen & Van Noordwijk, 
1984; Armstrong & Beckett, 1985). A high root porosity 
or the formation of aerenchyma can reduce radial 
diffusive resistance considerably, and thus will help 
prevent the occurrence of anaerobic cores (Armstrong, 
1979; Armstrong & Beckett, 1985; Van Noordwijk & 
De Willigen, 1984). Consequently, diameter and poros­
ity will determine to a large extent the oxygen gradient 
characteristics within the root.
Oxygen uptake in roots occurs mainly by cytochrome 
oxidase, which has a high affinity for oxygen (Hayaishi, 
1962) and the alternative oxidase, which has a lower 
affinity for oxygen (Lambers, Day & Azcon-Bieto, 
1983; Lambers, 1985; M0ller, Berczi, Van der Plas & 
Lambers, 1988). Therefore, the alternative oxidase will 
be the first to be inhibited by developing hypoxia.
It has been suggested (Armstrong & Webb, 1985; 
Armstrong & Beckett, 1987; Atwell & Greenway, 1987) 
that diffusional resistance rather than enzyme kinetics 
determines the COPR, i.e. the oxygen concentration, 
below which respiration is concentration-dependent 
(Berry & Norris, 1949). This conclusion is mainly based 
on experiments performed at 20-25°C; however, soil 
temperatures in temperate regions are generally much 
lower. The reaction rate of an enzymatic process is 
strongly dependent on temperature, while diffusion is 
only slightly influenced (Berry & Norris, 1949; Ngo & 
Laidler, 1978; Bienfait et al., 1983), and therefore 
temperature may determine to a large extent whether 
oxygen uptake of a particular root system is limited 
predominantly by diffusion or by enzyme kinetics.
We have investigated whether differences in root 
anatomy of three aerobically grown Rumex species give 
rise to different oxygen uptake characteristics. These 
Rumex species occur in river ecosystems in the Nether­
lands, where they are subject to transient flooding. The 
species investigated differ in their flood-tolerance 
mainly because the tolerant species develop a new, 
aerenchymatous root system (Laan et a l 1989), which 
can relieve the oxygen stress by means of internal
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R. maritimus L. were collected from natural populations 
and sown on black polyethylene granules (Stamylan LD, 
DSM, The Netherlands) in nutrient solution (Laan et 
a l 1990). After germination, they were transferred to 
polyethylene containers (8 dm3) and allowed to grow for 
3-5 weeks on aerated nutrient solution in a growth room 
(temperature 22°C; 16h light at 200 jxmol m~2 s_1; 8 h 
dark). The nutrient solution was changed twice a week.
o
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Figure 1. (a) Titration of root respiration of R. maritimus with SHAM 
( • ) ,  and with SHAM  plus 1 mol m -3 KCN (O) (means of three 
replicates ± SD; 100% respiration was 213 ± 5 (xmol 0 2 g 1 DW  h-1).
(b) Root respiration at different concentrations of SHAM  in the 
absence of KCN as a function of a similar set of values obtained in the 
presence of 1 mol m~3 KCN (data from Fig. la). The slope of the linear 
regression line (y = 1.04x + 53.8; r  = 0.996), designates the fraction of 
the alternative path which is engaged.
(c) Titration of root respiration of R. maritimus with KCN (means of 
three replicates ± SD; 100% respiration was 144 ± 14 p.mol Ot g~1 DW  
h-1).
longitudinal oxygen diffusion (Laan etaf., 1990). Never­
theless, the formation of these new roots takes 3-7 d 
(Laan et al., 1989, 1991) and the existing roots of both 
tolerant and intolerant Rumex species have to overcome 
the intermediate period. Survival depends then on the 
capacity of the aerobically grown root systems to obtain 
oxygen at low oxygen concentrations.
COPR-values of the aerobically grown root systems 
and apparent Km-values for cytochrome and alternative 
oxidase were derived from oxygen depletion curves. By 
use of Arrhenius plots, oxygen uptake kinetics of the 
three species were compared at different temperatures 
and related to the kinetics of the respiratory system and 
to anatomical characteristics, i.e. root diameter and root 
porosity.
Materials and methods
Plant growth
Seeds of Rumex thyrsiflorus Fingerh., R. crispus L. and
Root respiration and determination of COPR-values
The depletion of oxygen from the root environment was 
measured in nutrient solution plus lOkgm- glucose on 
whole root systems (including the tap-root) without the 
shoot, and on yeast cells (Saccharomyces cerevisiae) in a 
system described before (Laan et al., 1990). This system 
consists of a 179-cm3 thermostatted cuvette, closed by a 
'Perspex’ lid with a 0.8mm hole in the middle. The 
temperature was kept constant at 25.0°C with a 
thermostatted waterbath (Haake G-D8). A zero-oxygen 
calibration level was achieved by bubbling the nutrient 
solution with nitrogen gas until the reading was con­
stant, and checked by Winkler-titration.
For determination of root respiration at different 
temperatures, after each depletion curve, the root 
system was transferred to aerated nutrient solution 
(room temperature) and thoroughly rinsed with 
demineralized water. Oxygen uptake of single root 
systems and of yeast cells, starting at maximal oxygen 
concentration until total depletion of oxygen from the 
medium, was determined at 32.0, 25.0, 18.0 and 11.0 or 
12.0°C, starting with the highest temperature. At the 
end of each temperature series, a second depletion curve 
at 32 °C was made to check for loss of respiratory 
activity; this loss never exceeded 5% and no corrections 
were made. The calculation of root respiration was 
based on the fresh weight of the lateral root system only, 
since the contribution of the tap-root to total root weight 
differs between the species but contributes little to 
respiration (< 10%, P. Laan, unpublished results).
Determination of the activity of cytochrome and 
alternative respiration path
The in vivo capacity and engagement of the alternative 
respiration pathway of the root systems of the Rumex 
plants, was determined by the addition of SFIAM to the 
nutrient solution in the root vessel. Iron was left out of 
the nutrient solution, since it is chelated by SHAM 
(Lambers, 1980). SHAM was dissolved in 2-methoxy- 
ethanol and the maximum volume added was 1 cm3. This 
amount of 2-methoxy-ethanol had no effect on root 
respiration. Cytochrome-coupled respiration was 
inhibited with KCN. To prevent a rise in pH in these 
experiments, the medium was buffered with 20 mol m~3
MES, pH 6.0
To determine the concentration of SHAM, needed to 
fully inhibit the alternative pathway, oxygen uptake was 
'titrated' with SHAM in progressive additions in the 
absence and presence of KCN (Fig. la). In most cases,
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Table 1. The activity of respiration pathways of intact root systems of Rumex species at high and low temperatures (means of four replicates ± SD 
(25°C) or single measurements (11 °C)) (data as a percentage of total respiration, based on inhibition of the different pathways with 2 mol m 3 SHAM
or 1 mol m~3 KCN, sec Fig. 1)
Species
Maximal 
respiration rate 
(nmol 0 2 g ' 1 DW  h” 1)
Cytochrome path 
25 °C
Activity of respiration pathway 
(% of total respiration)
Alternative path
25 °C 11°C
R. thyrsifiorus 103 ±10 69 ± 2 31 ±2 31
R. crispus 124 ±20 65 ±1 35 ±1 24
R. maritimus 206 ± 45 70 ±4 30 ±3 24
total inhibition was reached at 1 mol m -3 SHAM; hence, 
in subsequent experiments, 2 mol m-3 SHAM was used. 
When a set of respiration data, obtained with different 
concentrations of SHAM in the absence of KCN, is 
plotted against a similar set of data in the presence of 
KCN, the engagement of the alternative path can be 
derived from the slope of the line (Lambers, 1985). In all 
root systems used, the alternative pathway was fully 
engaged (slope 1.0, Fig. lb).
The cytochrome pathway was totally inhibited at 0.5 
mol m-3 KCN, as determined by ‘titration’ (Fig. lc), and
1 mol m-3 KCN was used in the experiments.
Determination of 'apparent' Km-values
As respiration depletion plots do not yield the actual 
Km-value of the respiratory enzyme systems for oxygen, 
the derived values are described as ‘apparent Km’. 
Apparent Km-values for oxygen of cytochrome oxidase- 
dependent respiration were derived from single 
depletion profiles in the presence of 2 mol m-3 SHAM as 
the oxygen concentration at which respiration was at 
half the maximal rate, those of alternative oxidase- 
dependent respiration from single depletion plots in the 
presence of 1 mol m-3 KCN.
In Arrhenius plots, apparent Km-values were deter­
mined as described above. The half-maximal respiration 
rates are indicated in the figures as broken lines.
Root diameter and root porosity
Diameters of randomly chosen roots of aerobically 
grown Rumex plants were determined at 1 cm behind the 
root apex with a stereo-microscope. Porosity of the same 
roots (0.3-1 gFW) was determined by pycnometry 
(Laan et al., 1989).
Results
Root respiration and engagement of different 
respiration pathways
The in vivo contribution of the different pathways to 
respiration varied only slightly between the Rumex 
species; cytochrome-dependent respiration amounted 
to 65-70% of total respiration, alternative respiration to
30-35% (Table 1). The contribution of residual respir­
ation was low in all cases (3-5% of total, see Fig. la).
From single oxygen depletion plots, COPR and 
apparent Km-values for cytochrome and alternative 
oxidase were derived at 25°C (Table 2). COPR-values of 
R. thyrsifiorus were significantly higher than those of R. 
crispus and R. maritimus, the COPR for yeast was 
considerably lower.
In all species, the apparent Km of the alternative 
oxidase-dependent respiration was higher than that of 
cytochrome oxidase-dependent respiration (Table 2). 
The contribution of the cytochrome and alternative 
pathway to total respiration was the same at 25 and 11 °C 
(Table 1).
Arrhenius plots
As temperature strongly influences reaction rate but has 
much less effect on diffusion, the oxygen uptake rates of 
the root systems at different temperatures may give 
insight into the relative importance of diffusive resist­
ances and enzyme kinetics (Winzler, 1941; Berry & 
Norris, 1949; Ngo & Laidler, 1978; Bienfait et al., 1983).
Yeast was used as a model system. Oxygen depletion 
curves obtained with yeast suspensions revealed that the 
lowest oxygen concentration, which could be reliably 
measured was 1 mmol m-3, and the Km obtained from
Table 2. Critical oxygen pressures for respiration (COPR) and apparent 
Km-values for oxygen of the cytochrome and alternative oxidases of 
roots of Rumex species and of yeast in suspension at 25 °C (means of six 
(COPR) or three replicates ± SD) (100% respiration was 
(means ± SD): 103 ± 10 (R. thyrsifiorus); 124± 20 (R. crispus); 206 ±45 
(R. maritimus) fxmol 0 2 g_1 DW  h-1 (COPR and ‘Km cytochrome 
oxidase’); R. thyrsifiorus 124 ±16, R. crispus 193 ±77, R. maritimus 
162±3 ¿¿mol 0 2 g” 1 DW  h r 1 (‘Km alternative oxidase’))
Apparent Km (mmol 0 2 m 3)
Species
COPR 
(mmol 0 2 m -3)
Cytochrome
oxidase
Alternative
oxidase
R. thyrsifiorus 49 ±10 10 ± 1 18 ±2
R. crispus 31 ±5 6 ± 1 15 ± 1
R. maritimus 27 ±9 6± 1 26 ± 1
Saccharomyces
cerevisiae 13 ±1 2 ± 1 -
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Figure 2. Arrhenius plots for oxygen uptake by yeast (Saccharomyces 
cerevisiae) (a) in free suspension, and (b) embedded in 10% agar at 
different solution oxygen concentrations: 1 mmol m 3 (A ) . 3 mmol 
m 3 (V), 5 mmol m ' (■). 10 mmol m 3 (A), 20 mmol m 3 (0>)< 30 
mmol m 3 (<3) and 100-150 mmol m 3 0 2 (maximum) (O): Km as a 
broken line. Data are means of two replicates; oxygen uptake rates as a 
percentage of maximum rate at 32°C. which were: 44.3 |xmol 0 2 ml 1 
(yeast suspension) h \ and 13.5 nmol 0 2 g _1 (yeast in agar) h ', 
respectively).
the largely parallel curves was 2 mmol m-3 (Fig.2a). 
Typically, this value did not vary with temperature. By 
embedding yeast in 10% agar, an artificial diffusion 
barrier was added. This resulted in an Arrhenius plot 
with lines diverging from low to high temperatures 
(Fig. 2b). As a consequence, Km varied between ca. 4m- 
mol m-3 at 12°C and 10 mmol m-3 at 32°C.
With the root systems, an oxygen uptake pattern 
resembling that of agar-embedded yeast was found in R. 
thyrsifiorus (Fig. 3c): oxygen concentration lines 
diverged from low to high temperatures, resulting in an 
increase of Km with increasing temperature, from 
lOmmol m-3 at 11 °C to 20 mmol m-3 at 32°C (Fig. 3c).
Rumex maritimus roots showed a temperature- 
dependent oxygen uptake pattern, which closely 
resembled that of yeast in suspension, i.e. practically 
parallel lines in the Arrhenius plots and thus, a 
temperature-independent Km-value of 5 mmol m~3 
(Fig. 3a). This Km-value was two (at 11°C) to four (at 
32°C) times lower than that found for R. thyrsifiorus.
Roots of R. crispus showed an intermediate pattern: 
at lower temperatures, the lines were parallel as with R. 
maritimus; at higher temperatures, the lines diverged as 
with R. thyrsifiorus. Therefore, the apparent Km 
increased with increasing temperature from ca. 3 mmol 
m-3 at 11 °C to ca. 7 mmol m-3 at 32°C (Fig. 3b). These 
Km-values were in the same range as for R. maritimus 
and at all temperatures three times lower than for R. 
thyrsifiorus.
The lines might also be presented as straight lines with 
a ‘bending point’ (cf. Berry & Noris, 1949; Ngo & 
Laidler, 1978; Bienfait et al., 1983). In a well-defined 
system with a precisely known location of enzyme 
activity and of diffusion paths, this may be justified. In 
the Rumex root systems with their heterogeneous cell 
layers, all contributing to respiration but to different 
extents (Armstrong & Beckett, 1985, 1987) and 
different degrees of porosity within the tissue, a more 
gradual change in the slopes of the lines in the Arrhenius 
plots is to be expected. The same holds for the yeast 
blocks with diameters varying between 0.5 and 1.5 mm. 
For the sake of comparison, therefore, all lines were 
fitted as second-order polynomials.
Root anatomy
Clear-cut differences in both root diameter and root 
porosity between the species were observed: R. thyrsi- 
fiorus had the thinnest roots and lowest porosity, R. 
maritimus and R. crispus roots had high porosities, the 
roots of R. crispus being thickest (Table 3).
j_______ i_______ i________ i_
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Figure 3. Arrhenius plots for oxygen uptake by intact root systems of 
(a) Rumex maritimus, (b) R. crispus. and (c) R. thyrsifiorus at different 
solution oxygen concentrations: 3 mmol m 3 (V), 5 mmol m "3 (□), 10 
mmol m 3 (A), 20 mmol m 3 (0>), 30 mmol m -3 (3) and 100-150 mmol 
m 3 0 2 (maximum) (O); Km as a broken line (means of three replicates 
± SE; data as percentage of maximum respiration rate of lateral roots at 
32°C, which were: R. thyrsifiorus 81 ±13, R. crispus 27±8, and R. 
maritimus 39 ± 8 nmol 0 2 g~1 FW h \ respectively).
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Table 3. Root porosity and root diameter of laterals of Rutnex species 
(porosity of root segments 8-10cm behind the apex, diameter at 2cm 
behind the apex; means of three (porosity) or 30 (diameter) replicates
± SD)
Species Root diameter (mm) Root porosity (% v:v)
R. thyrsifiorus 0.38 ±0.00 7.6 ± 1.7
R. crispus 0.65 ±0.09 20.6± 1.9
R. maritimus 0.43 ±0.06 19.3 ± 3.0
Discussion
The results of this study show that roots of closely 
related plant species may have very different respiration 
characteristics. These differences might be caused by 
varying degrees at which oxygen-consuming enzymes 
contribute to respiration. In the three Rumex species 
studied, no such differences were observed: cytochrome 
oxidase with high and alternative oxidase with low 
affinity for oxygen in all cases contributed 70 and 30%, 
respectively, to respiration. This was the case at both 
high and low temperatures (Table 1).
On the other hand, the three species showed consider­
able differences in root anatomy (Table 3), implying 
large differences in diffusion-path length for external 
oxygen to respiring cells. Experiments with yeast in free 
suspension and in agar were performed in order to 
determine the effect of diffusional resistance, at dimen­
sions comparable to those in Rumex roots.
The Arrhenius plot obtained with roots of R. mariti­
mus was comparable to that of yeast in free suspension, 
resulting in a low Km, uninfluenced by temperature. 
Rumex crispus showed, at lower temperatures, the 
highest affinity for oxygen, but the lines in the Arrhenius 
plot diverged, indicating a lower affinity for oxygen at 
higher temperatures. In the Arrhenius plot for R. 
thyrsifiorus, the lines were at much larger distances than 
in the other two species, which implies a strong influence 
of diffusion on oxygen uptake at all temperatures.
Our explanation of these results is as follows. Both R. 
maritimus and R. crispus have a high root porosity, 
leading to a low diffusional resistance for oxygen to the 
respiring cells, even those in the stelar zone. R. crispus 
has thicker roots and, thus, the diffusion pathway for 
oxygen to the stelar cells is longer than in R. maritimus; 
this explains the more important role of diffusion at 
higher temperatures in R. crispus. At the lower 
temperatures, a Km even lower than in R. maritimus was 
obtained (F ig.3). This low Km reflects the combined 
effects of easy diffusion and low respiration rate of the 
roots (27 /¿mol 0 2g-1 FW h~1 for R. crispus and 39 /xmol 
0 2 g~‘ FW h-1 for R. maritimus, F ig.3).
Rumex thyrsifiorus has the thinnest roots of the three 
species, but its root porosity is very low, so that diffusion 
is the most important limiting factor for respiration 
throughout the temperature range studied and especi- 
ally so at the higher temperatures.
In the field, R. maritimus is found at the lowest places, 
which are frequently flooded, R. thyrsifiorus grows at
much higher elevation at places which are seldom 
flooded and R. crispus is intermediate (Laan et a l., 1989; 
Blom et a l., 1990).
We conclude that the oxygen efficiency of primary, 
aerobically grown roots, as affected by respiration rate, 
root porosity and root diameter, is higher in those 
species which are most often subjected to low oxygen 
concentrations in the soil. This is important in situations 
of transient flooding or in compacted soils, when 
hypoxic and not yet anoxic conditions prevail. At the 
moment that oxygen is completely depleted from the 
soil, the newly formed, aerenchymatous roots must 
relieve the oxygen stress of the root system of the 
low-elevated species via internal longitudinal oxygen 
transport (Laan et a l., 1990).
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